Background. New methods to increase measles and rubella (MR) vaccination coverage are needed to achieve global and regional MR elimination goals.
Measles and rubella have been controlled in many parts of the world by achieving high levels of coverage with measles and rubella (MR) vaccine [1] . The World Health Assembly established vaccination coverage targets in 2010 of ≥90% nationally and ≥80% in every district and, in 2012, endorsed the Global Vaccine Action Plan that set a global goal for elimination of MR in 5 of the 6 World Health Organization (WHO) regions by 2020 [2] . By 2013, countries in all 6 regions adopted measles elimination goals, and 3 regions established goals for elimination of rubella and congenital rubella syndrome. However, in 2015, global coverage with the first dose of measles-containing vaccine remained at 85%, where it has plateaued since 2009, and coverage with the first dose of rubella-containing vaccine was only 46%. In 2015, measles caused an estimated 135 000 child deaths, and an estimated 100 000 children were born with congenital rubella syndrome [3, 4] .
The currently available MR vaccines have characteristics that cause many logistical challenges for achieving high vaccination coverage. They must be delivered by subcutaneous (SC) injection, require strict adherence to the cold chain, require reconstitution with diluent, must be discarded within 6 hours after reconstitution, and generate hazardous waste that requires safe disposal [5, 6] . Reuse and mishandling of syringes and needles can result in sharps injuries and transmission of blood-borne pathogens. Human error in reconstitution with incorrect diluents has led to serious adverse events including deaths. Global partners have called for investments in research and innovation to overcome these challenges, including expeditious development and licensure of a microneedle (MN) patch for MR vaccination [7] . For example, MR vaccination by MN patch would simplify logistics in routine immunization clinics and facilitate implementation of house-to-house vaccination campaigns, a strategy that was key for success in both the polio and smallpox eradication programs [8, 9] .
MN patches are a promising novel method for administering MR vaccine [5, 6, 10, 11] . The patches consist of an array of solid MNs, each several hundred micrometers in length. These MNs are made of vaccine encapsulated in water-soluble polymers, sugars, and other excipients in a formulation that can painlessly pierce the skin, where the MNs dissolve to release the vaccine [12] [13] [14] . MN patches are small in size (eg, 1 cm 2 ) and mass (eg, 5 g), do not require reconstitution medium, have a single-dose presentation, and can be designed for administration by hand without the need for an applicator. Because the vaccine is encased in stabilizing excipients, MNs can be stored at ambient or elevated temperatures for long periods without loss of vaccine potency [15] [16] [17] [18] . Patches can be administered by minimally trained personnel or even self-administered and are strongly preferred by patients over hypodermic injection [19] [20] [21] . Because MNs dissolve in the skin, used patches cannot be reused and pose no risk for needle-stick injuries [5] .
In our previous work, MN patches loaded with measles vaccine were immunogenic in cotton rats and juvenile rhesus macaques and exhibited no loss of potency when stored at 25°C for up to 4 months [15, 22] . Here, we report the formulation of an MN patch containing MR vaccine and an assessment of its immunogenicity in infant rhesus macaques. As MN patches deliver vaccines to the skin, an organ rich in resident antigen-presenting cells, and induce robust immune responses [23] [24] [25] [26] [27] , we also evaluated the possibility of MR MN patch vaccination to overcome maternal antibody inhibition.
MATERIALS AND METHODS

Vaccines
The Edmonston-Zagreb vaccine strain for measles and the RA-27 rubella vaccine were obtained from stocks at the Centers for Disease Control and Prevention (CDC); these strains are the most commonly used MR vaccine in the global program. Vaccines were passaged in Vero cells (American Type Culture Collection [ATCC] CCL-81, Manassas, Virginia) maintained in Dulbecco's modified eagle medium (DMEM, Gibco, Grand Island, New York) and 2% fetal bovine serum (FBS; Gibco). Infected cells were harvested, freeze-thawed, and subjected to low-speed centrifugation to separate the virus from cellular debris. Vaccine aliquots were stored at -80°C [22] .
Production of MN Patches
MN patches were prepared as previously described [15, 16, 28] . In brief, measles vaccine, rubella vaccine, and an excipient solution of sucrose, threonine, and carboxymethylcellulose (SigmaAldrich, St Louis, Missouri) in potassium phosphate buffer (pH 7.5) were mixed and placed on a polydimethyl siloxane micromold with vacuum. The vaccine solution was allowed to dry into the tips of the MN cavities, and residual material on the micromold surface was removed via tape-stripping. A solution of polyvinyl alcohol (Acros Organics, Geel, Belgium), sucrose, and deionized water was added. After 2 days in a desiccator at room temperature (20°C -25°C), MN patches were demolded and stored desiccated at room temperature until use. To measure the efficiency of delivery, MN patches were inserted into pig skin ex vivo for 20 minutes to allow complete dissolution of the MNs. The skin was stained with gentian violet (Humco, Texarkana, Texas) to visualize puncture holes. Viral titers measured before and after insertion were used to estimate the delivered dose.
To measure the stability of MN patches, patches were sealed in aluminum foil pouches (Oliver-Tolas Healthcare, Grand Rapids, Michigan) with desiccant. Pouches were stored in an environmental test chamber at 40°C (Caron, Marietta, Ohio) for 1 month. At various time points, patches were removed from the chamber, and viral titers were measured.
To determine the titer of the measles vaccine, 10-fold dilutions of vaccine were prepared and inoculated onto 48-well tissue culture plates containing monolayers of Vero cells (ATCC, CCL-81) in DMEM with 2% FBS. Six wells were inoculated with each dilution and, after 5 days, each well was observed for evidence of viral cytotoxic effect by staining with 0.05% crystal violet and 1% formalin. To determine rubella vaccine titer, vaccine was incubated for 1 hour with antimeasles immunoglobulin G (IgG) (EMD Millipore, Billerica, Massachusetts) at 37°C to inhibit measles vaccine infection. Ten-fold dilutions of the vaccine-measles IgG solution were prepared and inoculated onto Vero cell monolayers as described above. After 5 days, cells were fixed with 10% methanol, and immunostaining was used to visualize infected foci [29] . Titers expressed as 50% tissue culture infectious dose (TCID 50 ) were calculated using the Spearman and Karber algorithm [30] .
Vaccination and Challenge of Nonhuman Primates
Colony-bred infant macaques used in the study were housed at the California National Primate Research Center in accordance with the regulations of the Association for Assessment and Accreditation of Laboratory Animal Care International Standards. The Institutional Animal Use and Care Committee of the University of California, Davis, the Georgia Institute of Technology, and the CDC approved these experiments. Infant macaques were cohoused with measles and rubella-seronegative dames and weaned 42 days (± 5 days) prior to challenge. Animal vital signs were regularly monitored. For blood collection and virus inoculation, animals were anesthetized with 10 mg/kg ketamine hydrochloride (Parke-Davis, Detroit, Michigan) injected intramuscularly.
Sixteen infant macaques (18-49 days old; mean body weight, 0.5 kg) were assigned to 1 of 4 experimental groups (Supplementary Table 1 ). As previously described [31] , 4 mL of measles immunoglobulin (MiG) were administered by the intraperitoneal route to 2 groups at a mean of 32 days (± 9.6 days) after birth and 48 hours prior to vaccination. MiG-treated and -untreated groups were administered MR vaccination by either SC injection (3.2 × 10 3 TCID 50 of measles vaccine and 3.2 × 10 3 TCID 50 of rubella vaccine in 0.5 mL phosphatebuffered saline) or MN patch (4.3 × 10 3 TCID 50 of measles vaccine and 3.6 × 10 3 TCID 50 of rubella vaccine). For MN vaccination, patches were pressed onto the skin of the inner thigh, and gentle pressure was applied for 30 seconds. Patches were then left on the skin for 15 minutes to allow for MN dissolution. Serum samples were collected every 2 weeks postvaccination (PV), except at 8, 16, and 26 weeks PV, when heparinized blood samples were collected. At week 28 PV (week 0 postchallenge [PC]), all vaccinated infant macaques in addition to an unimmunized group of macaques (mean age, 365 days) were challenged by intranasal inoculation with wild-type measles virus 1 × 10 5 TCID 50 /mL. The derivation of the viral stock for the challenge is described in the Supplementary Methods. In methods previously described [31] , nasopharyngeal washes and heparinized blood samples were collected on 0, 1, 2, 3, 4, 5, 8, and 12 weeks PC. Peripheral blood mononuclear cells (PBMCs) were obtained from all macaques on the day of challenge (day 0), and 7, 14, and 21 days after challenge.
Following challenge, measles viremia was measured by co-culturing dilutions of PBMCs with Raji cells as previously described [32] . In addition, the copy number of measles RNA in cryopreserved PBMCs was measured by a reverse-transcription quantitative polymerase chain reaction assay (RT-qPCR). In brief, 10 5 PBMCs were thawed and centrifuged at 1500g for 5 minutes, and RNA was extracted by using a RNeasy Micro Kit (Qiagen, Hilden, Germany). Complementary DNA was prepared using random hexamer primers (ThermoFisher, Waltham, Massachusetts) and SuperScript III reverse transcriptase (ThermoFisher). Copy numbers of the RNA coding for the measles nucleoprotein (N) gene were measured by RT-qPCR as previously described [33] using a standard curve produced with a purified amplicon containing a fragment of the N gene. A constitutively expressed reference gene, GAPDH, was included to control for cellular RNA input and quality of the RNA extraction.
Serologic Methods
Neutralizing antibody titers to measles were determined using the standard plaque reduction neutralization (PRN) assay [34] , and titers were calculated based on Third WHO International Standard Reference Serum (97/648). Neutralizing antibodies to rubella were measured using a focus-reduction assay as described previously [29] . A value of 1 IU/mL was assigned to all serum samples with titer <5 IU/mL.
RESULTS
Fabrication of Microneedle Patches
The MN patches used in this study consisted of an array of 100 MNs in a 10 × 10 grid of approximately 1 cm 2 mounted on a backing structure to facilitate handling ( Figure 1A ). The MNs were solid, conical structures made of water-soluble excipients and contained approximately 4000 TCID 50 of measles and rubella vaccine ( Figure 1B) . The MN patches could be pressed onto the skin and, upon penetration into skin, the MNs dissolved, leaving behind only the base structure on which they were mounted ( Figure 1B) . The MN patches were thermostable ( Figure 1C) ; when stored for up to 1 month at 40°C, there was no significant loss of vaccine potency (analysis of variance, P > .1), which exceeds the WHO requirement for stability at 37°C for 1 week [35] . For future storage and use in routine immunization clinics and mass vaccination campaigns, a packaging concept was developed to package MN patches on blister trays housed in cardboard boxes ( Figure 1D ). In this configuration, each single-dose MN patch required 10 cm 3 of packaged volume and 4 g of packaged weight.
Vaccination With a Microneedle Patch
Rhesus macaques, born to measles-naive mothers, were vaccinated at 3-4 weeks of age (Supplementary Table 1 ). MN patches were manually applied to the inner thigh of the macaques and left in place for 15 minutes to allow dissolution (Figure 2A ). Immediately after removal, an array of faint puncture marks corresponding to the MN puncture sites could be seen on the skin ( Figure 2B ), but they were not visible 1 hour after vaccination. Additionally, very mild, transient erythema, but no edema or bleeding, was observed; no adverse effects were noted at any point during the study. Titers of neutralizing antibody to measles increased after vaccination, and at day 42, 100% of infant rhesus macaques in the MN patch group had protective titers of >120 mIU/ mL, while 50% of rhesus macaques in the SC group had protective titers (Figure 3; Supplementary Table 1) . One of the macaques with low neutralizing antibody titers on day 42 had a titer >120 mIU/mL on the day of challenge (Figure 4C ). The failure of some of the macaques in the SC group to seroconvert is unclear, though previous studies have shown that 75%-80% of rhesus macaques vaccinated by the SC route generated protective titers [36, 37] . Overall, these data indicated that vaccination by MN patch induced a neutralizing antibody response that was at least equivalent to the response induced by SC injection in naive infant macaques. All infant macaques had protective titers of neutralizing antibodies to rubella on day 42 (Figure 3) , and all titers were substantially above a protective titer of 10 IU/mL (Figure 3 ). In general, rubella neutralizing antibody titers were higher after MN patch vaccination compared with SC injection, but these differences were not significant.
Measles Challenge
Approximately 7 months after vaccination, all vaccinated macaques, as well as 4 unimmunized controls, were challenged intranasally with wild-type measles virus. All vaccinated infant macaques showed no clinical signs of infection such as coughing or rash, except for the 1 macaque in the SC group that failed to seroconvert (Supplementary Table 1 ). Infant macaques vaccinated with MN patches had no detectable viremia as measured by detection of infectious measles virus or viral RNA in PBMCs 7 and 17 days after challenge (Figure 4) . Other than the infant rhesus macaque that failed to seroconvert, all macaques in the SC injection group had no detectable infectious measles virus in their PBMCs, though a low level of measles RNA was detected in 1 macaque (Figure 4) . Therefore, vaccination of infant macaques with an MN patch induced a protective immune response, which was at least as effective as the protection provided by SC injection.
All macaques in the MN group and 75% of macaques in the SC group had protective titers on the day of challenge, and by day 14 after challenge, the high titers of neutralizing antibodies were detected in all macaques (Figure 4) . Except for the macaque from the SC group that failed to seroconvert to vaccination, there was no measurable immunoglobulin M (IgM) response in the vaccinated macaques following challenge. Figure 2 . A, Microneedle patches were applied to the inner thigh of infant rhesus macaques. B, Immediately after removal, a faint grid pattern can be seen on the leg due to tiny punctures from each microneedle. After a few minutes, this grid pattern disappeared (not shown). Very mild, transient erythema, but no edema or bleeding, was observed following removal of the patch. 
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Vaccination With a Microneedle Patch in the Presence of Measles
Immunoglobulin
Maternal antibodies can interfere with the infant immune response to MR vaccination [38] . Because maternal antibodies begin to wane as early as 2-4 months of age, infants become susceptible to measles and rubella before age eligibility for vaccination, meaning that a novel MR vaccine that could illicit a protective immune response when administered within the first 6 months of life would be highly beneficial. Therefore, we tested the ability of the MR microneedle vaccine to generate an immune response in the presence of MiG.
Infant macaques vaccinated by MN patch or SC injection after receiving MiG failed to generate protective neutralizing antibody responses to measles by day 42 ( Figure 5 ; Supplementary Table 1) . In these groups, the input MiG was still detected at day 42 ( Figure 5 ). Previous studies showed that MiG could be detected in infant macaques for up to 8-10 weeks after administration [36, 39] , which is consistent with our data ( Figure 5 ). The presence of measles-specific MiG had no effect on rubella vaccination.
All infant rhesus macaques vaccinated in the presence of MiG displayed clinical signs of infection that were comparable to those of the unimmunized controls, and all macaques had viremia as measured by detection of infectious measles virus and measles RNA in PBMCs at days 7 and 14 after challenge (Supplementary Table 1 ). The viral titers and copy number of measles RNA in macaques vaccinated in the presence of MiG were like those of the unimmunized controls (Figure 4 ; Supplementary Table 1) .
All the rhesus macaques in the MiG treatment group were seronegative for measles on the day of challenge approximately 30 weeks after MiG administration ( Figure 5) ; however, by day 14 after challenge, protective titers of neutralizing antibody titers were detected in all animals. All macaques vaccinated in the presence of MiG had an IgM response by day 14 after challenge, suggestive of a primary immune response to measles ( Figure 5 ).
DISCUSSION
The vaccines to prevent measles and rubella are among the safest and most efficacious vaccines in use today. However, delivery of MR vaccine by SC injection presents logistical challenges, limiting efforts to reach the high vaccination coverage needed to achieve global and regional MR elimination goals. The Global Vaccine and Immunization Research Forum in 2016 emphasized the critical need for novel vaccine delivery tools that could increase coverage [40] . Here, we evaluated the immunogenicity of an MR vaccine delivered by a novel delivery method, the MN patch, in infant rhesus macaques.
MN patches have been shown to be effective for delivery of a variety of vaccines [5, 6, 10, 11] , including prior studies of measles vaccination of cotton rats and juvenile rhesus macaques [15, 22] and a recent human clinical trial of influenza vaccination [21] . Here, we report successful delivery of 2 live attenuated vaccines by a single MN patch. This is the first report showing that MR vaccination delivered by MN patch can generate protective titers of neutralizing antibodies to both measles and rubella and provide complete protection from measles virus challenge in infant rhesus macaques.
The MN patch described in this report has the potential to overcome some of the logistical challenges associated with the delivery of MR vaccine by SC injection. MN patches have a single-dose presentation, which reduces vaccine wastage associated with use of multidose vials. Because the patches are administered directly to the skin, no vaccine reconstitution is needed, which eliminates errors associated with reconstitution. The needles dissolve after application to the skin so the used MN patches are not a sharps hazard, and the greatly reduced packing volume significantly reduces the amount of biological waste that must be disposed of after vaccination. Finally, minimally trained personnel can deliver MN patch vaccines, potentially allowing house-to-house mass vaccination, a strategy that has been extremely effective for the smallpox and polio eradication programs. We demonstrated that MN patches can be stored at elevated temperatures for at least 1 month without loss of activity, reducing cold chain requirements and permitting distribution of vaccines to remote locations; improved formulation that enables still better thermostability would be advantageous [10] . The cost of producing MN patch vaccines is expected to be similar to that of the injectable vaccines, and the reduction in cold chain requirements and associated vaccine wastage should make vaccination by MN patch cost-effective compared to current strategies [41] .
MN patches have many advantages compared to other needle-free vaccination devices evaluated to deliver MR vaccine. Jet injectors utilize a stream of liquid at a high pressure to pierce the skin; however, administration of vaccine with jet injectors requires training, uses a bulky device, and offers no benefits for thermostability. In adults, delivery of measles, mumps, and rubella (MMR) vaccine with a jet injector induced an immune response comparable to SC injection but had significantly higher pain scores [42] . However, in another MMR vaccination study, the jet injector produced inferior antibody titers to MR compared with SC injection in a clinical trial in infants [43] . Measles vaccine was administered by the aerosol route via inhalation but gave inferior results compared to SC injection in a large phase 3 clinical trial [44] . Inhaled measles vaccine delivered as a dry powder vaccine gave promising results in nonhuman primates and a phase 1 clinical trial; however, the project was discontinued [45, 46] .
As maternal antibodies begin to wane within 6 months of age, many infants become susceptible to measles before they are age-eligible for vaccination; this window of measles susceptibility accounts for approximately 20% of cases worldwide [47] . Novel measles vaccines, including subunit, live-vectored, and DNA-based vaccines [39, [48] [49] [50] , designed to generate protective immune responses in the presence of maternal antibody were tested in animal models, but none were evaluated in human clinical trials. Of these novel vaccines, the most promising results were reported for a DNA vaccine expressing the hemagglutinin, fusion, and N proteins of measles virus, which produced a protective response in the infant macaques in the presence of MiG. However, the DNA vaccine required coadministration with a molecular adjuvant, interleukin 2 [31, 36] , which has not been approved for use in humans. Because MN patches provide efficient antigen presentation to the dendritic cells in the epidermal and dermal layers of the skin, which increased vaccine immunogenicity in other contexts [23] [24] [25] [26] [27] , we tested the ability of intradermal delivery to overcome the inhibition of the immune response to measles vaccine caused by the presence of MiG. However, our findings indicated that the MN patch was unable to generate a protective immune response to measles in the presence of MiG. Use of MN patches in public health settings will require developing manufacturing methods that enable cost-effective mass production (eg, 10e 6 -10e 9 patches/year), validating patch design to show that minimally trained personnel can reliably administer patches in diverse settings outside of healthcare locations, and conducting studies in humans to demonstrate safety and efficacy of MR vaccination by MN patch.
Overall, we conclude that MN patches offer a novel delivery method for MR vaccine that can eliminate many of the logistical challenges associated with currently available MR vaccines delivered by SC injection. Therefore, use of an MN patch could help increase MR vaccination coverage to the levels needed to achieve global and regional elimination goals. Considering the expected benefits of achieving MR elimination globally and the resulting reduction of MR morbidity and mortality, the development and licensure of the MN patch for MR vaccination has great potential value to global health.
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